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NANOPHOTONICS

Purcell effect for active tuning of light
scattering from semiconductor

optical antennas

Aaron L. Holsteen,' Soren Raza,' Pengyu Fan,' Pieter G. Kik,”* Mark L. Brongersma'*

Subwavelength, high—refractive index semiconductor nanostructures support optical
resonances that endow them with valuable antenna functions. Control over the intrinsic
properties, including their complex refractive index, size, and geometry, has been
used to manipulate fundamental light absorption, scattering, and emission processes
in nanostructured optoelectronic devices. In this study, we harness the electric and
magnetic resonances of such antennas to achieve a very strong dependence of

the optical properties on the external environment. Specifically, we illustrate how

the resonant scattering wavelength of single silicon nanowires is tunable across the
entire visible spectrum by simply moving the height of the nanowires above a metallic
mirror. We apply this concept by using a nanoelectromechanical platform to

demonstrate active tuning.

igh-index semiconductor nanostructures

display a diverse set of optical resonances

that can give rise to structural color () and

facilitate effective light manipulation at the

nanoscale (2). The optical resonances are
tunable by manipulation of properties such as
refractive index, size, and geometry, akin to the
adaptability of metallic nanoparticles that support
plasmonic resonances. A multipole analysis of the
light scattering process provides valuable insights
into the resonances that give rise to specific op-
tical functionalities (3-7). We demonstrate that
bringing these nanostructures into close proxim-
ity of a reflective surface can markedly enhance
or suppress the interaction with selected multi-
poles. This is reminiscent of the Purcell effect in
quantum optics, which dictates that the internal
decay of an excited quantum emitter can be mod-
ified by placing it near a mirror or into a resonant
cavity (8, 9). From studies on quantum objects
placed in tailored environments, it is also known
that surface selection rules can emerge that have
a substantial effect on processes such as fluores-
cent decay or Raman scattering (10). We illustrate
these concepts for the lowest-order resonances of
judiciously sized Si nanowires (NWs) and dem-
onstrate active tuning of the structural color of a
Si NW across the visible spectrum with a nano-
electromechanical device.

We first analyzed the white-light scattering
from Si NWs above an aluminum (Al) mirror at
different heights (Fig. 1A). Si NWs grown by
chemical vapor deposition were deposited on
a quartz substrate and then suspended above
an Al-coated plano-convex lens with a large
radius of curvature (r, = 10 mm). This con-
figuration affords nanometer-scale control over
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the NW height above the metal surface by slid-
ing the quartz substrate in a plane normal to the
optical axis of the Al mirror. A topographic map of
this mirror was created by charting the Newton’s
rings resulting from the interference of mono-
chromatic light between the air-quartz interface
and the mirror (Fig. 1B) (11). The volume be-
tween the quartz slide and mirror was sub-
sequently filled with an index-matching oil to
produce an optically homogeneous medium
around the NW.

In this configuration, the scattered light inten-
sity from a NW is no longer just a function of the
intrinsic NW properties. It is also dependent on
the NW height above the mirror, as it can modify
the excitation of relevant NW modes and the
subsequent collection of the scattered fields by a
detector. This can be seen by considering an exci-
tation plane wave with an intensity I, and a wave
vector of a magnitude 2n/A (A, wavelength) that
is incident on the mirror at an off-normal angle ¢.
The mirror reflection generates a standing wave
above the mirror (Fig. 1C). On the basis of the
spatial variations in the field magnitudes, one can
expect concomitant variations in the excitation
efficiency of the supported NW resonances. We
initially consider an idealized scenario in which
the mirror is taken as a perfect electrical conduc-
tor (PEC) and the near-field interactions between
the NW and substrate are neglected. This serves
as a valuable reference case, as a high-conductivity
Al mirror approximates a PEC and the considered
NW height % in our experiments is typically suf-
ficiently large (2kh » 1) to ensure a minimal effect
of near-field interactions [supplementary text sec-
tions S1 to S3 (12)]. For this case, a simple ex-
pression can be written for enhancements in
local electric and magnetic fields ng? (¢, 2) and
n?ff (0, ) of the excitation standing wave [supple-
mentary text sections S2 and S3 (12)]. For off-
normal incidence angles, field enhancements can
be seen in both the horizontal (||) plane and the
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direction normal (1) to the mirror surface, as de-
noted by the label 7.

Similar height-dependent variations appear
in the process of collecting scattered light from
the NW by a finite-sized detector. These varia-
tions result from the interference between light
that is directly scattered toward the detector and
light entering this detector after reflecting from
the surface. The strength of this interference is
again dependent on % but also on the collection
angle 6 (13, 14)). These additional height-dependent
variations in the measured intensity are under-
stood from a reciprocity argument; that is, by an-
alyzing the properties of a plane wave sent back
from the location of the photodetector toward the
NW and the mirror. If the resulting collection
standing wave can effectively excite a NW reso-
nance of interest, then conversely the resonantly
excited NW can scatter light effectively toward
the detector. The collection efficiency can be
linked to the field enhancements n% (6, z) and
Nt (0, k) for the collection standing wave. As
the scattered intensity relies on an efficient ex-
citation followed by an efficient collection, it will
be functionally dependent on products of field
enhancements for the excitation and collection
plane waves in the formn, " = 1l (¢, 2)ntli (6, h)
and nf" = n% (0, 2)n% (8, ). Because the excita-
tion and collection efficiencies have different spa-
tial periodicities, the total efficiency contains a
beating pattern that depends on ¢ and 6.

For the experimentally relevant case that
a detector collects light normal to the surface
(6 = =), the far-field scattered intensity % can
be written in an intuitive form [supplementary
text sections S2 and S3 (12)]
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where m is an integer that labels the relevant Mie
coefficients a,,, and b,, that quantify the excita-
tion strength of the various multipolar resonances
of a cylindrical NW illuminated in free space (3)
and 7 is the observation distance. Different reso-
nances are excited for the transverse-magnetic
(TM) and transverse-electric (TE) polarizations
that feature incident electric and magnetic fields
parallel to the Si NW axis, respectively. When light
is collected in a direction normal to the metal sur-
face, only enhancements in the electric and mag-
netic fields in the horizontal plane are relevant, as
they can drive NW resonances capable of scattering
light upward to the detector. As such, the quantities
n andn; describe the relevant beating pattern
of the excitation and collection plane waves that
govern the scattered intensity in this experimental
geometry. Depending on the symmetry proper-
ties of the relevant multipoles, the resonances are
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Fig. 1. Light scattering from Si NWs near a mirror. (A) Configuration

of the suspended NWs. (B) Light intensity of Newton's rings (inset)
imaged at 500 nm (blue trace), showing that the minimums in the
interference pattern (red squares) map the parabolic mirror surface (black
dashed line). a.u., arbitrary units. (C and D) Standing wave intensity
from an incident (C) and collected (D) TM-polarized plane wave. E, electric

most effectively excited at maximums in either
the electric or magnetic field.

Figure 1E shows an example of a 50-nm-
diameter Si NW that is brought toward an Al
mirror. Dark-field images of this NW, using
unpolarized white light, show substantial color
changes as its height above the mirror changes
by only a few hundred nanometers. A Si NW with
a diameter this small supports only the lowest-
order TM resonance with one electric field max-
imum in the core. It serves as a linear electric
dipole, with scattering intensity governed by the
Mie coefficient b,. When the NW is 20 pm from
the mirror, the NW appears white, as it features a
spectrally broad resonance in the scattering ef-
ficiency (Qs..)- However, when the NW is closer to
the mirror, the peak wavelength for this reso-
nance is modified and can be tuned across the
visible spectrum (Fig. 1F).

To systematically study the selective excitation
of the first two Mie resonances for both polariza-
tions at a range of heights, we used electron beam
lithography and reactive ion etching to fabricate
a 105-nm-wide and 100-um-long Si NW (Fig. 2A).
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For both TE and TM polarizations (Fig. 2B), we
measured and calculated the scattering efficiencies
of the Si NW without the mirror (Fig. 2, C and D).
The scattering calculations were performed using
Mie theory for a Si cylinder in free space. The
corresponding optical images of the NWs are
shown next to the spectrums, displaying a uni-
form color. The gray dotted line represents the
simulated spectrum of Q.,, whereas the black
dotted line denotes the partial scattering efficiency
obtained by integrating the differential scattering
efficiency over the collection solid angle of the
objective. We find that the latter matches the
experimental scattering spectra substantially
better than the total scattering efficiency, in-
dicating the importance of accounting for the
anisotropic scattering properties of these NWs
[supplementary text section S4 (712)]. The peaks
in the total scattering efficiency identify the spec-
tral locations of the supported Mie resonances.
The field maps for the resonances are shown as
insets and facilitate a classification according
to their dipolar nature. The a; and b, Mie co-
efficients are associated with electric dipole (ED)
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field; h, NW height; E;, incident electric field; k;, incident wave vector; H;,
incident magnetic field, E,, reflected electric field; k,, reflected wave vector; H,,
reflected magnetic field; p, dipolar scatterer; ¢, angle of the incident plane
wave; 0, collection angle. (E) Optical images from a single silicon NW at
various heights above the mirror shown in (A). Scale bar, 5 um. (F) Dark-field
scattering spectra from three heights shown in (E).

resonances. Similarly, the a, and b; Mie coef-
ficients can be linked to magnetic dipole (MD)
resonances.

Light scattering spectra were taken for different
wire heights above the mirror in the range from
0 to 2 um and cascaded to create maps of the
spectral and height dependent scattering proper-
ties of the NWs (Fig. 2, E and F). Adjacent to these
maps, one can see the dark-field white-light scat-
tering images of the NWs. Strong scattering is
observed in the spectral region corresponding
to the different Mie resonances, and the color
varies substantially along the NW length. This
is explained by the fact the scattering intensity
at each resonance wavelength is modulated as
the NW height changes. To explore the validity
of the proposed analytical model, we first cal-
culated the composite standing field profiles (i.e.,
ntH I'and nf " [supplementary text section S3 (12)].
The maxima in the in-plane electric (black) and
magnetic (white) fields for ¢ = 37° and 6 = 180°
are overlaid on the map and seen to intersect ex-
perimental maxima in the scattering intensity. The
strong scattering from electric (magnetic) dipole
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Fig. 2. Dipolar modes
contributing to light
scattering from a

Si NW near a mirror.
(A) Experimental
configuration for the
results shown in (E) to
(H). ¢ is the angle of
the incident plane wave.

(B) The polarization
convention for this
work. (C and D) Finite-
difference time-domain
(FDTD) simulation of the
total scattering cross
section collected at all
angles (gray dotted
lines), with the electric
and magnetic field
profiles on resonance
(insets) for both
polarizations. The
experimentally collected
scattering spectrum
(solid lines) and the
corresponding FDTD
simulated differential
scattering efficiency

Height (nm)

collected within a
0.7-numerical aperture
objective through the
quartz handle wafer
(black dotted lines).
The insets show the
field magnitude maps
for each resonance
labeled as either
electric dipole-like
(ED) or magnetic
dipole-like (MD).
Qsca, scattering
efficiency; TE,
transverse-electric
polarization; TM,
transverse-magnetic
polarization. (E and

400

F) Experimentally collected light scattering spectra at heights
ranging from O to 2000 nm for TE and TM polarization with a scale
of arbitrary units. Dark-field images of the NW vertically scaled

to compensate for the parabolic shape of the mirror are shown

to the right of each plot. The simulated electric (black) and magnetic
(white) field maxima are overlaid, with the width of the lines

resonances occurs when the NW is located at one
of the electric (magnetic) field maxima. The com-
plete solution for this experimental configura-
tion, including real material parameters and
near-field interactions, was also solved analyti-
cally using the method described in (13), and the
far-field scattered intensities are shown in Fig. 2,
G and H.

The presence of the mirror results in enhance-
ments in light scattering that are reminiscent of
the changes in Raman scattering and fluorescent
emission when molecules are placed near a mirror
(8, 9, 15). When the total scattered power with the
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corresponding to the magnitude of the field maxima. (G and H) Analytic
model of far-field diffracted light scattered from a Si NW above

an Al mirror for both polarizations, showing the ratio of the intensity
of the scattered light (/') to the incident intensity (/o) collected
normal to the mirror plane where the observation distance is

Fkya = (1= Ja(2KR)] ! (0)

m=

(5)

where J,, is the Bessel function of the first kind
[supplementary text sections S6 and S7 (12)]. In
these products, the first terms with the Bessel
function describe the radiative decay rate enhance-
ment, and the second terms (nZ(¢)[* or [nf (0)]*)
quantify the excitation efficiency enhancements
seen in the presence of a mirror. The decay rate
enhancements are analogous to the Purcell ef-
fect and are directly connected to the local den-
sity of optical states (LDOS) [supplementary text
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Fig. 3. Active tuning of light scattering with a nanoelectromechanical
device. (A) Scanning electron micrograph of a fabricated device with a 3
suspended Si NW of ~60 nm in width. Scale bars, 2 um (main panel);
100 nm (inset) (B) Dark-field scattering image of the device shown in
(A). (C) Dark-field scattering spectra confocally collected from the Si NW
under applied bias and TM polarization. (D) Dark-field images of the NW at
each bias shown in (C). Scale bar, 2 um. (E) Dark-field scattering shown
over time as the bias is turned on and off for 10 cycles at 6-s switching 0
intervals. (F) Modulation in the intensity for selected wavelengths over
the 10 switching cycles, showing repeatable and consistent amplitude

control for applied biases of O and 2.75 V.

section S7 (72)]. LDOS highlights the classical
nature of this effect, with the magnitude of the
scattering efficiency determined by optical inter-
ference. Similarly, the Purcell effect has also been
observed for Rayleigh scattering from molecules
in a cavity (16). For selected heights, a mirror can
enhance the total scattered power more than
five times for m = 0 and more than twice for
m = +1 modes, as compared with the free-space
condition for both polarizations. This enhance-
ment in the scattering efficiency from the NW
near the mirror takes into account the scat-
tering to all directions. When only one specific
far-field scattering direction is chosen, even fur-
ther enhancement values can be observed. For
normally incident excitation and collection from
aNW, a 16-fold enhancement over the free-space
scattered light intensity can be expected as the
excitation and collection efficiencies are enhanced
by a factor of 4.

‘We developed a nanoelectromechanical system
(NEMS) platform to actively tune the scattering
intensity and spectral properties of a NW. Re-
configurable nanomechanical structures have re-
cently received considerable interest from the
nanophotonics community for their low-power
and high-frequency operation (17). We fabricated
a 50-nm-wide Si NW with a square cross section
within an underetched frame patterned into a
silicon-on-insulator wafer (72). Such a small NW
supports only the lowest-order TM resonance.
The dark-field scattering shows a uniform color
along its length, indicating that the NW width
and height are constant (Fig. 3B). For voltages
from 0 to 2.75 V, we were able to tune the single
scattering peak across a large part of the visible
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spectrum from 700 to 520 nm (Fig. 3, Cand D), in
agreement with simulations (fig. S10). As long as
nonreversible pull-in is avoided, the device can
be reversibly tuned for more than 2 billion cycles
without degradation with a maximum modula-
tion near the fundamental mechanical resonance
mode at 1 MHz (Fig. 3, E and F). For single-
wavelength operation, this device can act as an
intensity modulator. If we choose a spectral loca-
tion such as 800 nm on the shoulder of one of the
resonances, an intensity modulation ratio as large
as 10 dB is achieved.

‘We have demonstrated how the presence of a
mirror can substantially modify the excitation
and collection of scattered light from NWs, even
for wavelength-scale separations. These modifi-
cations are very different for the electrical and
magnetic dipole resonances supported by the
NWs. As a result, both the light scattering in-
tensity and the spectral properties of suspended
NWs are altered substantially. We made a rigor-
ous link to the enhancements and suppressions
associated with the Purcell effect observed for
quantum objects. Looking forward, we envision
that these NW devices will be used as building
blocks for a range of active, integrated opto-
electronic functionalities.
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